Peripheral sensory nerve terminals (PSNTs) have a dual function: reporting normal and abnormal sensations and releasing trophic factors to maintain the structure and function of epithelial cells. Although it is widely considered that intracellular Ca 2ϩ plays a critical signaling role for both functions, the role of Ca 2ϩ signaling has never been studied in PSNTs, primarily because of their small size and anatomical inaccessibility. Here, using epifluoresence microscopy and a fluorescent Ca 
Introduction
Detection of noxious and nonnoxious stimuli in peripheral organs is initiated by the activation of peripheral sensory nerve terminals (PSNTs). PSNTs are endowed with specialized receptors that transduce thermal, mechanical, and chemical stimuli into electrical potentials that may generate action potentials in the parent axons. Through propagated action potentials, the parent axons communicate the modalities and intensity of stimuli to the CNS. Sensory afferent neurons, however, are not simply passive conduits that relay information from the periphery to the CNS. These neurons exhibit various forms of plasticity, including sensitization and desensitization, and they can release neurotransmitters and neurotrophic factors into surrounding tissues. Released neuropeptides, such as substance P (SP) or calcitonin gene-related peptide (CGRP), can function as trophic factors that support growth and differentiation in neighboring epithelial cells (for review, see Belmonte and Gallar, 1996) . These same neuropeptides can initiate neurogenic inflammation-degranulation of mast cells, vasodilation, edema, and other inflammatory reactions (for review, see Maggi, 1991) . It is presumed that these and other functions are supported by changes in intracellular free Ca 2ϩ concentration ([Ca 2ϩ ] i ) within PSNTs. Measurement of membrane currents or [Ca 2ϩ ] i in individual PSNTs has not been reported, because they are small (0.25-1.5 m in diameter) (Whitear, 1960) and are almost invariably deeply embedded within tissue (e.g., nerve terminals in skin, joints, and bladder). Consequently, Ca 2ϩ signaling in PSNTs remains completely unexplored. The cornea is an exceptional preparation for studying Ca 2ϩ dynamics in PSNTs. The cornea is transparent and has the greatest density of peripheral sensory nerve innervation of any tissue. Nerve terminals in the cornea are almost exclusively nociceptive A␦ and C fibers originating from the ophthalmic branch of the trigeminal ganglion (Marfurt, 2000) . The sensory nerve terminals of the cornea are all free nerve endings in the epithelium (Fig. 1) , and they often approach within a few micrometers of the surface (Zander and Weddell, 1951; MacIver and Tanelian, 1993) . In this study, we report, for the first time, Ca 2ϩ signals measured in individual PSNTs of the rat cornea resulting from action potential activity or chemical stimulation.
Materials and Methods
Fluorescent dye loading and tissue dissection. Experiments were performed on the whole eye or isolated cornea from male Sprague Dawley rats (140 -300 gm). One microliter of a solution containing 0.9% w/v NaCl, 20% w/v Oregon Green 488 BAPTA-1 dextran (OGB-1 dextran) (10 kDa; Molecular Probes, Eugene, OR) or 10% w/v tetramethylrhodamine dextran (10 kDa; Molecular Probes), and 1-2% v/v Triton X-100 (Sigma, St. Louis, MO) was deposited on each cornea of a ketamine-anesthetized animal for 1 min. After dye exposure, the eyes were rinsed with Ca 2ϩ -and Mg 2ϩ -free PBS. Rats were killed 16 -60 hr later by pentobarbital (100 mg/kg, i.p.). For experiments with intact eyeballs, eyes were dissected along with a portion of the ciliary nerves that contain the afferent axons projecting from the trigeminal ganglion to the cornea. External ocular muscles were removed to minimize movement artifacts during electrical stimulation. For experiments on isolated corneas, corneas were dissected directly from the animal immediately after death. Eyeballs and isolated corneas were maintained in an oxygenated Locke solution containing (in mM): 10 glucose, 136 NaCl, 5.6 KCl, 1.2 NaH 2 PO 4 , 14.3 NaHCO 3 , 1.2 MgCl 2 , and 2.2 CaCl 2 , pH 7.4. Animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Maryland, Baltimore.
Electrical and chemical stimulation. Corneal nerve terminals (CNTs) were activated by antidromic action potentials evoked by a suction electrode or by electric field stimulation with platinum electrodes placed in the recording chamber. For antidromic stimulation, the optic nerve and surrounding nerves, including those housing sensory afferents, were drawn into a suction electrode. Electrical stimuli were generated by a stimulator and delivered through a stimulus isolation unit (both from Astro-Med, West Warwick, RI). The applied stimulation voltage was greater than threshold to ensure consistent neuron activation (1 msec, 50 -60 V for suction electrode; 1 msec, 150 V for field stimulation). The eyeball or cornea was continuously perfused with oxygenated Locke solution at room temperature (22-24°C). To minimize movement, whole eyeballs were pinned to the bottom of the recording chamber, which was lined with dental wax. Corneal sections were immobilized by using a U-shaped harp constructed of stainless-steel wire (2 mm in diameter). The strings of the harp, which were spaced ϳ1 mm apart, were either lycra or nylon threads. The stability of the corneal sections was assessed by switching between different reservoirs of Locke solution. During these maneuvers, the values of the fractional change in fluorescence intensity relative to baseline (⌬F/F 0 ) remained steady, indicating that the corneal sections were adequately immobilized. For experiments that tested the effects of antagonists, the eyeball or isolated cornea was perfused with the antagonists, at concentrations that were consistent with published studies on the cornea (Belmonte and Gallar, 1996) , for at least 20 min to allow penetration of drugs to CNTs. When capsaicin was used, the drug was applied via a capillary positioned 2 mm from the corneal surface. Confocal microscopical imaging of nerve fibers labeled with tetramethylrhodamine dextran was performed on an inverted microscope with a 40ϫ water-immersion objective (Axiovert, LSM 410; Zeiss, Jena, Germany). Corneal sections were excited at 568 nm, and fluorescence emission was passed through a 590 nm long-pass filter before photometric detection.
Calcium imaging. Calcium imaging was performed on an upright epifluorescence microscope (Laborlux 12; Leitz, Wetzlar, Germany) with a water-immersion objective (63ϫ; 0.95 numerical aperture; Zeiss). Tissues were excited by the output of a 100 W mercury arc lamp (Opti-Quip, Highland Mills, NY) that passed through a 480 nm bandpass filter [30 nm, full width at half maximum (FWHM)]. Fluorescence emission was passed through a 535 nm bandpass filter (40 nm, FWHM) before being captured with a cooled CCD camera (CoolSnap HQ; Roper Scientific, Tucson, AZ). Excitation exposure was controlled by an electromechanical shutter (Uniblitz; Vincent Associates, Rochester, NY) gated by transistor-transistor logic (TTL) pulses. Metafluor software (Universal Imaging, Dowingtown, PA) was used for image acquisition and instrument control.
Analysis. OGB-1 dextran measurements are reported as the fractional change in fluorescence intensity relative to baseline (⌬F/F 0 ), which was determined as follows. Within a temporal sequence of fluorescence images, a region of interest (ROI) was drawn around a portion of each CNT to be analyzed. The fluorescence signal from each terminal was calculated as the pixel-averaged intensity within each ROI. The precise boundary of each ROI enclosing a terminal was replicated and placed over an adjacent region of the image that was devoid of nerve processes. The pixelaveraged intensity from each of these ROIs was taken as background and was subtracted from the fluorescence signal obtained for the corresponding nerve terminal to yield the background-corrected fluorescence signal ( F) from that terminal. In electrical stimulation experiments, in which sequences of images were acquired over short time intervals, the baseline fluorescence (F 0 ) for each terminal was calculated as the fluorescence signal of the terminal averaged over the three to four frames immediately preceding the onset of the stimulus. The difference between the fluorescence signal and the baseline (⌬F ϭ F Ϫ F 0 ) at each time point was ratioed against the baseline value to yield ⌬F/F 0 . In experiments in which stimulation was achieved pharmacologically and sequences of images were acquired over extended time periods, we typically observed a slight downward drift in baseline, which was principally attributable to photobleaching of the indicator. In such cases, as expected, the drift was always well fit by a low-amplitude single-exponential decay. The fitted baseline value (F 0 ) at every time point was then used to calculate ⌬F/F 0 . The amplitudes of Ca 2ϩ transients were determined from ⌬F/F 0 traces that were smoothed by three-point adjacent averaging. All of the ⌬F/F 0 values given are means Ϯ SEM. For channel antagonist experiments, significance was determined by paired or independent t test, as appropriate. A value of p Ͻ 0.05 was considered significant.
Results
One to 3 d after loading corneas with dextran-conjugated fluorophores in vivo, nerve bundles in the stroma and free CNTs in the epithelium could be easily visualized in vitro by confocal or epifluorescence microscopy. As illustrated in Figure 2 , nerves in all layers of the cornea were labeled: subepithelial branches lying deep within the stroma ( Fig. 2 A) ; families of thin axons that travel together in the basal epithelium (so-called leashes) (Fig.  2C) ; and terminal nerve endings lying a few micrometers beneath the surface of the outermost epithelial cells (Fig. 2 B) . These anatomical features of nerves and nerve terminals (Fig. 1 ) seen after our loading procedure are consistent with previous morphological studies using methylene blue staining (Zander and Weddell, 1951) , gold impregnation (Rozsa and Beuerman, 1982) , fluorescent labeling (Harris and Purves, 1989; MacIver and Tanelian, 1993) , and immunocytochemistry (Jones and Marfurt, 1998) . Corneal nerve fibers loaded with either tetramethylrhodamine dextran or with the Ca 2ϩ indicator OGB-1 dextran showed no obvious morphological differences.
Action potentials can be recorded extracellularly from single CNTs in the surface epithelium after electrical stimulation of the ciliary nerves that contain corneal afferent axons (Brock et al., 1998) . The occurrence of action potentials and the presumed necessity of Ca 2ϩ in CNTs suggest that voltage-dependent calcium channels (VDCCs) might be expressed in CNTs. We first tested whether action potentials in CNTs can trigger a transient rise in [Ca 2ϩ ] i (i.e., a Ca 2ϩ transient). CNTs were loaded with OGB-1 dextran (Figs. 2, 3 ) and activated antidromically with a suction electrode surrounding the optic nerve and associated ciliary nerves or by electric field stimulation. Ca 2ϩ transients in individual CNTs were reliably detected with good signal-to-noise ratios after one or more electrical stimuli (Figs. 2, 3) . For individual nerve terminals, the average peak ⌬F/F 0 values for 1, 5, 10, 20, and 50 antidromic stimuli delivered at 10 Hz were 0.12 Ϯ 0.022 (n ϭ 5), 0.26 Ϯ 0.045 (n ϭ 7), 0.42 Ϯ 0.080 (n ϭ 7), 0.48 Ϯ 0.10 (n ϭ 7), and 0.60 Ϯ 0.12 (n ϭ 7), respectively.
The amplitude of Ca 2ϩ transients was steeply dependent on the number of stimuli over the range of 1-10 action potentials (Fig. 3 A, B) . When Ͼ10 stimuli were delivered, the growth in the amplitude of Ca 2ϩ transients leveled, nearly reaching a plateau with 50 stimuli. The time-to-peak was also highly dependent on the number of stimuli delivered. As might be expected, the average peak in [Ca 2ϩ ] i consistently occurred immediately after the last stimulus in a train.
Lidocaine, a local anesthetic that abolishes action potentials in CNTs (Brock et al., 1998) , blocked electrically evoked Ca 2ϩ transients (Fig. 3C ). In six CNTs tested, 1 mM lidocaine reduced the Ca 2ϩ transients by 68%: the average peak ⌬F/F 0 values before and after lidocaine were 0.46 Ϯ 0.11 and 0.14 Ϯ 0.013, respectively. We suspect that the incomplete block of Ca 2ϩ transients reflects the inability of 1 mM lidocaine to permeate completely through the corneal epithelium. Nonetheless, these results indicate that the Ca 2ϩ transients observed after ciliary nerve stimulation were triggered primarily by antidromic action potentials in CNTs. In addition to lidocaine, we tested the effects of 4.1 M saxitoxin (STX) on the electrically evoked Ca 2ϩ transients (Fig.  3D) . We used STX rather than tetrodotoxin (TTX), because CNTs have TTX-resistant (TTX-R) Na ϩ channels (Brock et al., 1998; Black and Waxman, 2002) , and STX has a much higher affinity for TTX-R Na ϩ channels than does TTX (Sivilotti et al., 1997) . In these experiments, STX nearly abolished Ca 2ϩ transients in six of seven CNTs. Inhibition was Ͼ97% (average peak ⌬F/F 0 values before and after STX were 0.31 Ϯ 0.09 and 0.004 Ϯ 0.017, respectively). In one CNT, STX had no measurable effect.
Indirect evidence suggests that L-type VDCCs may reside in CNTs. Antagonists of L-type VDCCs attenuate corneal afferent impulse activity in response to acidic, thermal, and chemical stimuli (Pozo et al., 1992) , and they have also been shown to reduce neurogenic inflammation, as well as pain responses to certain chemical stimuli (Gonzalez et al., 1993) . We tested whether L-type VDCCs underlie action potential-evoked Ca 2ϩ transients by bath applying 1 mM diltiazem or 20 M nifedipine, nonspecific and specific antagonists of L-type VDCCs, respectively (Fig. 3 E, F ) . Diltiazem reduced impulse-evoked Ca 2ϩ transients by 97% in all five CNTs in which Ca 2ϩ transients were evoked by field stimulation (20 stimuli at 10 Hz). The average peak ⌬F/F 0 was 0.26 Ϯ 0.033 in the absence of diltiazem and 0.002 Ϯ 0.001 in the presence of diltiazem. Nifedipine (20 M) reduced by 82% the amplitudes of Ca 2ϩ transients evoked by 20 antidromic impulses (10 Hz; three of three CNTs). Average peak ⌬F/F 0 values before and after nifedipine were 0.65 Ϯ 0.054 and 0.10 Ϯ 0.003, respectively.
Most CNTs respond strongly to capsaicin, which suggests that they are nociceptive (Belmonte and Gallar, 1996) . Capsaicin is an agonist at the vanilloid receptor 1 (VR1), which is permeable to cations, including Ca 2ϩ (Caterina et al., 1997) . VR1 has been shown to be expressed on nerve fibers of the cornea (Guo et al., 1999) . Capsaicin (1 M) applied directly to sections of isolated corneas evoked robust Ca 2ϩ transients (10 of 10 CNTs) (Fig. 4) . The VR1 antagonist capsazepine (100 M) completely blocked capsaicinevoked Ca 2ϩ transients in three CNTs tested (Fig. 4) . In contrast, preincubation with 20 M nifedipine or 4.1 M STX did not attenuate Ca 2ϩ transients evoked by 1 M capsaicin (Fig. 4B,C) . Average peak ⌬F/F 0 values without and with nifedipine were 0.48 Ϯ 0.094 (n ϭ 10) and 0.44 Ϯ 0.24 (n ϭ 5), respectively. Average peak ⌬F/F 0 values without and with STX were 0.48 Ϯ 0.094 (n ϭ 10) and 0.90 Ϯ 0.17 (n ϭ 7), respectively. The reason for significant augmentation of the capsaicin response by STX remains to be explored.
Discussion
The present study was designed to investigate whether activation of PSNTs in situ elicits increases in nerve terminal [Ca 2ϩ ] i . The cornea is an ideal tissue for this investigation, because it is transparent and is innervated almost exclusively by sensory A␦ and C fibers terminating as free nerve endings in the corneal epithelium (Rozsa and Beuerman, 1982; MacIver and Tanelian, 1993 (Pozo et al., 1992; Gonzalez et al., 1993) . Our observation that L-type Ca 2ϩ channel antagonists blocked impulse-evoked Ca 2ϩ transients provide direct evidence of Ca 2ϩ influx through VDCCs into CNTs. The influx of Ca 2ϩ in PSNTs may serve many functions. It could support the release of SP and CGRP to provide trophic influences on target tissues and mediate neurogenic inflammation (Maggi, 1991; White, 1997) . The type of VDCC required for release of SP appears to depend on the nature of the stimulus. In rat dorsal root ganglion neurons, for example, activation of N-type VDCCs is necessary for SP release after stimulation with bradykinin; however, activation of L-type VDCCs is required for SP release evoked by KCl depolarization (Evans et al., 1996) . Although the majority of CNTs contain SP and CGRP (Marfurt, 2000) , the types of Ca 2ϩ channels that are necessary for neuropeptide release remain to be determined.
Influx of Ca 2ϩ into PSNTs may also be necessary for mechanical transduction (Sullivan et al., 1997) , regulation of membrane excitability (Undem et al., 2003) , and sensitization to inflammatory stimuli (Chen et al., 1997b; Shu and Mendell, 2001) . The existence of L-type VDCCs in CNTs provides one pathway for Ca 2ϩ to enter nerve terminals to support these processes. Another pathway for Ca 2ϩ entry into PSNTs is via ligand-gated channels. Capsaicin, the pungent essence of chili peppers, causes excitation of CNTs that is prevented by pretreatment with capsazepine, a VR1 antagonist (Chen et al., 1997a) . We observed that capsaicin evoked Ca 2ϩ transients in a capsazepine-sensitive manner. The Ca 2ϩ transients evoked by capsaicin could, in theory, arise from Ca 2ϩ influx through multiple pathways. VR1 is a nonselective cation channel that is permeable to Na ϩ as well as Ca 2ϩ . Thus, Ca 2ϩ could enter the CNTs directly through the VR1. Because capsaicin can trigger membrane depolarization and action potential activity, part of the capsaicin-evoked Ca 2ϩ transient could have been the result of Ca 2ϩ entering CNTs through VDCCs. However, nifedipine did not affect capsaicin responses. This suggests that the Ca 2ϩ transients we observed were the result of Ca 2ϩ influx through the VR1 directly. STX also did not attenuate capsaicin responses. This suggests that Na ϩ channel activity is not essential for the capsaicin-evoked Ca 2ϩ transient and that the capsaicin-evoked Ca 2ϩ transient does not depend on propagated action potentials. It is interesting to note that, in rat dorsal root ganglion cells, Ca 2ϩ influx through the VR1 alone is sufficient for SP release, independent of VDCC activation (Evans et al., 1996) .
The balance of Ca 2ϩ influx and clearance mechanisms appears to be dynamically regulated in CNTs. We observed that the amplitudes of Ca 2ϩ transients approach a plateau after a few tens of stimuli (Fig. 3) . The leveling of the amplitudes of Ca 2ϩ transients with increasing number of action potentials was not caused by saturation of the indicator or the CCD camera. In the Appendix, we present a mathematical treatment of the dependence of ⌬F/F 0 values on changes in [Ca 2ϩ ] i . The analysis suggests that indicator saturation is not a confounding factor in our measurements. This was empirically verified by the observation that larger Ca 2ϩ transients with faster kinetics of rise could be evoked when the same number of stimuli was delivered at twice the fre- quency (n ϭ 3; data not shown). Furthermore, we also observed that the capsaicin-induced Ca 2ϩ transients were significantly larger than the electrically evoked Ca 2ϩ transients on the plateau of the ⌬F/F 0 versus number of stimuli curve (n ϭ 7; data not shown). This gives additional evidence that the plateau is physiological and not an artifact of indicator saturation. Thus, CNTs appear to have the capacity to extrude free Ca 2ϩ at rates comparable with that of action potential-evoked influx. The identities of these clearance mechanisms and the manner in which they are regulated are still unknown and will be the focus of future studies.
In summary, PSNT physiology is dependent on intracellular [Ca 2ϩ ] and, therefore, on the mechanisms that underlie intracellular [Ca 2ϩ ] homeostasis. The ability to image Ca 2ϩ transients in individual nerve terminals now opens a new window onto the cellular mechanisms underlying peripheral nerve terminal physiology and pathophysiology.
Appendix
Under conditions of low optical density, the fluorescence intensity ( F) of a sample is linearly dependent on the fluorophore concentration ( C): F ϭ sQ⑀C, where Q is the quantum efficiency of fluorescence emission, ⑀ is the molar absorptivity of the fluorophore at the excitation wavelength, and s is an instrumentdependent proportionality factor that includes the excitation light intensity, the detector sensitivity at the emission wavelength, and the sample thickness. OGB-1 dextran is an intensiometric indicator whose Ca 2ϩ -free and Ca 2ϩ -bound forms have the same excitation wavelength and also fluoresce at the same emission wavelength but differ in their molar absorptivity and fluorescence quantum efficiency. At any arbitrary [Ca 2ϩ ] i , the total fluorescence intensity of the sample contains contributions from both Ca 2ϩ -free and Ca 2ϩ -bound forms of the indicator:
, where subscripts f and b refer to the Ca 2ϩ -free and Ca 2ϩ -bound forms, respectively. The expression may be rewritten as F ϭ sC ] values of 50, 75, and 100 nM, the corresponding (⌬F/ F 0 ) max values are 3.6, 2.6, and 2.1, respectively. That our measured ⌬F/F 0 values were always much lower than these estimates suggests that our measurements were not distorted by indicator saturation.
